Replication of the woodchuck hepatitis virus (WHV) genome requires the synthesis of minus-strand DNA from an RNA template, the pregenome, by reverse transcription. During this reaction, the 5' end of minus-strand DNA becomes covalently linked to a protein. The position of the 5' end of minus-strand DNA was identified previously, but the initiation site for DNA synthesis on pregenomic RNA remained ambiguous because of a sequence repetition at the termini of the RNA template for reverse transcription. Employing a recently designed expression vector for the production of infectious WHV, we localized the origin of minus-strand DNA synthesis to the 3' end of pregenomic RNA. In addition, we identified the nucleotide sequences on pregenomic RNA that provide the signal for the initiation of reverse transcription. Removal of this signal sequence from pregenomic RNA abolished minus-strand DNA synthesis. Insertion of a DNA oligomer bearing this signal sequence at the 3' end of pregenomic RNA restored the production of minus-strand DNA joined to protein. Our results support a model in which protein is the primer for reverse transcription of minus-strand DNA of WHV.
Woodchuck hepatitis virus (WHV), a hepadnavirus, replicates its DNA genome by means of an RNA intermediate, termed pregenomic RNA (for reviews, see references 13 and 5) . Pregenomic RNAs with redundant termini are transcribed from covalently closed circular DNAs present in the nuclei of infected cells. Subsequently, the pregenome is packaged into core particles and reverse transcribed to yield relaxed circular DNA, the final product of the viral replication cycle. In its basic concept resembling replication of other retroid elements, the replication of WHV and other hepadnaviruses is unique in that replication requires the formation of a covalent joint between protein and DNA at the 5' end of the minus-strand DNA (6) . This characteristic and the finding that short nascent minus-strand DNA species of duck hepatitis B virus are linked to protein led to the hypothesis that protein rather than RNA is the primer for minus-strand DNA synthesis (15) . In support of this model, it has been demonstrated that the terminal protein of duck hepatitis B virus is encoded by the viral polymerase gene, which also encodes the virus-associated reverse transcriptase (1, 23) .
Molecular analysis of the major replication intermediates of WHV and other hepadnaviruses revealed the exact positions of the 5' and 3' ends of minus-strand DNA (11, 14, 18, 25) . The 5' end of minus-strand DNA was mapped to a short direct repeat, DR1, on the WHV genome. DR1 is located within the terminal redundant region of pregenomic RNA (R region). Therefore, the answer to the question of where minus-strand DNA synthesis actually initiates on pregenomic RNA remained ambiguous. Initiation of DNA synthesis at DR1 close to the 5' end of pregenomic RNA would subsequently require a template switch of a nascent minusstrand DNA to the 3' end of the RNA template, similar to the transfer of nascent minus-strand (strong stop) DNA that occurs during replication of the retroviral genome (24) .
To investigate the molecular mechanisms that orchestrate the events leading to the initiation of reverse transcription in * Corresponding author.
hepadnaviruses, we attempted to identify the signals on WHV pregenomic RNA required for this process. We performed experiments employing a recently developed cytomegalovirus-WHV expression vector for the production of infectious WHV in tissue culture cells (19) and identified the initiation site for minus-strand DNA synthesis on pregenomic RNA. In addition, we have localized the nucleotide sequences on the RNA template that provide the signals for reverse transcription of minus-strand DNA covalently linked to protein.
MATERIALS AND METHODS
Cell culture. Maintenance of HepG2 cells, procedures for DNA transfections, and purification of virion DNA from the culture medium of transfected cells were performed as described previously (19) .
Molecular clones. The construction of pCMW82 has been described previously (19) . Briefly, WHV clone pWHV81-2 was fused with pBC12/CMV/IL2 (4) to direct the synthesis of WHV pregenomic RNA from the immediate-early cytomegalovirus promoter on pBC12/CMV/IL2. The mutants p82T5 and p82T3 were obtained by oligomer-directed site-specific mutagenesis as described by Taylor et al. (22) , using a kit from Amersham Corp. The mutant genotypes were confirmed by nucleotide sequence analysis. The four constructs, 82NS1 through 82NS4, and the five constructs, 82PC1 through 82PC5, were obtained by linearizing pCMW82 with the restriction endonucleases NsiI (position 3300) and Styl (position 72), respectively, followed by incubation with the exonuclease Bal31 (Bethesda Research Laboratories, Inc.) for different times. The ends of the linear DNA were joined with T4 ligase under conditions favoring the formation of circles. The sizes of the deletions were determined by nucleotide sequence analysis. Plasmid pPC2A was obtained by removal of the NheI-to-BstEII fragment from p82PC2 and plasmid p82dlC was obtained by removal of the NsiIto-BstEII fragment from pCMW82. For the construction of p82C, DNA oligomer PCA was inserted into the NsiI site of p82dlC, and for the construction of pPC2C1, the HindlIl- (19) .
Nomenclature. Numbering of the WHV type 2 genome was arranged to begin with the first ATG of the precore gene (position 1931 in reference 7).
RESULTS
The 5' end of minus-strand DNA maps to the DR1 repeat close to the 3' end of pregenomic RNA. Determination of the 5' and 3' ends of minus-strand DNA was previously accomplished by primer extension analysis of deproteinized DNA purified from virions of WHV-infected woodchucks (18) . The 5' end of minus-strand DNA was mapped to the fourth nucleotide within DR1 (Fig. 1B) . Since the 3' end of minusstrand DNA coincides with the 5' end of pregenomic RNA, the complete minus-strand DNA has a short terminally redundant portion, termed r ( Fig. 1A and B) . Since DR1 is contained within the terminally redundant portion of pregenomic RNA, the initiation site for minus-strand DNA synthesis remained ambiguous. The most straightforward expectation is that initiation of reverse transcription occurs at the DR1 close to the 3' end of pregenomic RNA because this would allow for continuous minus-strand DNA synthesis (Fig.  1A, model 2) . It is also possible, however, that initiation of reverse transcription occurs at the DR1 near the 5' end of pregenomic RNA, requiring a template switch of the 10-to 11-nucleotide-long, nascent minus-strand DNA to the corresponding sequences at the 3' end of pregenomic RNA (Fig.  1A, model 1) .
To identify the initiation site for minus-strand DNA synthesis on pregenomic RNA, a deoxyribosyladenine (dA) residue was inserted independently into pCMW82 in the DNA segment corresponding to the 5' or to the 3' copy of the r region (Fig. 1B) . pCMW82 contains a cDNA equivalent of WHV pregenomic RNA fused to the cytomegalovirus immediate-early promoter-enhancer region, as described previously (19) . The resulting mutants, p82T5 and p82T3, were assayed for virus production after transfection into HepG2 cells. DNA was isolated from virus particles, concentrated from the supernatant of transfected cells, and subjected to primer extension analysis for the determination of the 5' ends of minus-strand DNA. The major DNA products from the extension reaction experiments with virion DNA synthesized with pCMW82 (Fig. 1C , lane 5) and p82T5 (lane 6) were the same size, whereas the DNA product obtained from the reaction with virion DNA from p82T3 was one nucleotide longer compared with the other two products (lane 7). Thus, addition of a dA residue into the 5' copy of the r region (p82T5) did not affect the length of the 5' end of minus-strand DNA (lane 6), whereas addition of the same residue into the 3' copy of r (p82T3) led to the synthesis of minus-strand DNA with an additional nucleotide at its 5' end. Therefore, we concluded that the 5' end of minusstrand DNA maps to the copy of DR1 close to the 3' end of pregenomic RNA and that minus-strand DNA synthesis progresses continuously from this site toward the 5' end of the RNA template (Fig. 1A , model 2). In the following discussion, we will refer to the DR1 at the 3' end of pregenomic RNA as DR1*.
A short sequence motif flanking DR1* is required for initiation of minus-strand DNA synthesis. To identify the nucleotide sequences on pregenomic RNA that provide the signals for the initiation of minus-strand DNA synthesis, we performed a deletion analysis of the region flanking DR1*. Constructs with deletions in the 5' direction of DR1* were made with the exonuclease Bal31 after linearizing pCMW82 at the NsiI site at position 3300 on the WHV genome. Four deletion mutants, spanning nucleotides 3273 to 30, were assayed for the ability to direct the synthesis of minus-strand DNA with correctly initiating 5' ends. The positions of the deleted segments in p82NS1 through p82NS4 are illustrated in Fig. 2A , and the DNA products of the primer extension reactions obtained with DNA purified from virions in the culture medium of transfected HepG2 cells are shown in Fig.  2B . DNA products were obtained with virion DNA expressed from pCMW82 (lane 5), p82NS1 (lane 6), and p82NS2 (lane 7), whereas no detectable reaction products were obtained with virion DNA from p82NS3 (lane 8) and p82NS4 (data not shown). The determination of the lengths of the extended products obtained from reactions with virion DNA from p82NS1 and p82NS2 revealed an exact correlation between the length of the extension product and the size of the deletion in the respective plasmid. This result indicates that the 5' end of minus-strand DNA expressed with p82NS1 and p82NS2 mapped to the same position as the 5' end synthesized with wild-type pCMW82.
These results show that two derivatives of pCMW82 with deletions spanning positions 3273 to 9 remain competent for minus-strand DNA synthesis, whereas two constructs with deletions extending beyond position 14 for the initiation of minus-strand DNA synthesis, we designed a 42-base-pair-long DNA oligomer that contains WHV sequences corresponding to positions 4 to 21 on the WHV genome (Materials and Methods). We created two derivatives of pCMW82 with insertions of DNA oligomer PCA near the 3' end of pregenomic RNA. Plasmid p82C was generated by replacing the NsiI-to-BstEII fragment of pCMW82 containing the entire R region of pregenomic RNA (including DR1*) with DNA oligomer PCA (Fig. 3A) . In plasmid pPC2C1, the HindIII-to-BstEII fragment was re- placed with PCA, leaving DR1* intact and thus rendering a construct with two potential initiation sites for minus-strand DNA synthesis separated by 136 nucleotides. p82dlC is identical to p82C except for the lack of the PCA fragment (Fig. 3A) . These constructs, along with pCMW82 and pPC2A, were transfected into HepG2 cells, and primer extension reactions were performed on DNA purified from virions from the culture medium of the transfected cells. The DNA products of the extension reactions are shown in Fig. 3B . As expected, the extension reaction with DNA expressed from p82dlC did not yield any detectable DNA products (lane 4), since it did not contain an initiation site for minus-strand DNA synthesis. In contrast, DNA products were obtained from reactions with virion DNA expressed from p82C (lane 5). The length of the major reaction product was 11 nucleotides shorter compared with that of the product obtained with virion DNA expressed from pCMW82 (lane 3). This finding implies that the 5' end of minus-strand DNA maps to the position on the PCA sequence that corresponds to the 5' end minus-strand DNA initiating at DR1*.
Primer extension reactions with DNA purified from virions in the supernatant of HepG2 cells transfected with pPC2C1 revealed two DNA products (lane 7). The fastermigrating fragment, 105 nucleotides long, corresponds to the 5' end of minus-strand DNA initiating at DR1*; the slowermigrating fragment, 241 nucleotides long, corresponds to a minus-strand DNA species initiating within the PCA sequence on pPC2C1. Direct comparison of the lengths of the two major extension products with a nucleotide sequencing ladder derived from pPC2C1 demonstrates that both DNA products migrated to the same nucleotide within DR1* and PCA, respectively (lanes 7 to 9). The intensity of the signal of the 241-nucleotide-long DNA product is reduced approximately 10-fold compared with the signal of the fastermigrating species, 105 nucleotides in length. As expected, the 241-nucleotide-long DNA product was not produced in reactions on virion DNA from transfections with pPC2A which lacks the PCA sequence motif (lane 6).
Since minus-strand DNA initiating at DR1* is covalently attached to protein, we asked whether minus-strand DNA originating at the PCA motif was also linked to protein. For this purpose, HepG2 cells were transfected with pPC2C1 and virions were concentrated from the supernatant of the transfected cells. DNA was extracted from virions with and without incubation with proteinase K before phenol extraction. It is known that omission of proteinase K treatment before phenol extraction results in the loss of minus-strand DNA linked to protein from the aqueous phase (6) . Primer extension reactions were performed on virion DNA purified by these two procedures. As expected from the previous results, two major DNA products were obtained from reaction with virion DNA extracted after treatment with proteinase K (Fig. 3C, lane 5) . Omission of proteinase K before phenol extraction equally reduced the intensity of the signals from the two reaction products. This result indicates that the 5' end of minus-strand DNA originating at the PCA sequence is covalently linked to protein.
In summary, these results show that the DNA oligomer PCA contains the signals required for the initiation of reverse transcription of minus-strand DNA. The 5' ends of minus-strand DNA initiating at PCA and DR1* map to the same relative positions on PCA and DR1* and are both linked to protein at their 5' ends. Therefore, we conclude that the oligomer PCA contains an origin for minus-strand DNA synthesis of WHV.
DISCUSSION
Replication of the hepadnavirus genome results in the formation of a covalent link between protein and the 5' end of minus-strand DNA. This feature led to the hypothesis that hepadnaviruses, unlike all other known retroid elements, use protein as a primer for minus-strand DNA synthesis. Precedents for protein-primed DNA synthesis are found in procaryotes and eucaryotes, as exemplified by bacteriophage 429 and adenovirus systems (26) . The mechanisms require a specific interaction between the primase and nucleotide sequences at the termini of the respective DNA genomes (16, 20) . In hepadnaviruses, the situation is different. First, the putative primase must interact with RNA rather than DNA, and second, initiation of DNA synthesis occurs from an internal site on the RNA template and not from its terminus.
To investigate the mechanism underlying the initiation of minus-strand DNA synthesis of hepadnaviruses, we attempted to identify the nucleotide sequences on pregenomic RNA that are required for this process. The experiments described in this report revealed a short sequence motif located at the 3' end of pregenomic RNA that is essential for the initiation of DNA synthesis. We demonstrated that this signal sequence can exert its function from different positions on the 3' end of pregenomic RNA and thus represents the origin of WHV DNA replication.
Minus-strand DNA synthesis is continuous. The results reported in this communication show that the 5' end of minus-strand DNA maps to the DR1 sequence (DR1*) at the 3' end of pregenomic RNA (Fig. 1B) . Hence, the synthesis of minus-strand DNA from the pregenomic RNA template can proceed continuously from DR1* to the 5' end of the pregenome. Thus, unlike retroviruses (21, 24) and caulimoviruses (3, 13), the strategy employed by hepadnaviruses for VOL. 64, 1990 on July 7, 2017 by guest http://jvi.asm.org/ Downloaded from minus-strand DNA synthesis does not require the transfer of nascent minus-strand DNA from the 5' end of the RNA template to its 3' end. This conclusion is in agreement with the proposed model for the priming of plus-strand DNA synthesis in which the 5' terminal portion of pregenomic RNA, including DR1, is translocated to DR2 on minusstrand DNA (10, 18) . This model implies that, prior to its transfer to DR2, the 5' terminal portion of pregenomic RNA must have already been copied into minus-strand DNA.
Initiation of reverse transcription at the 3' end of pregenomic RNA allows for the synthesis of minus-and plus-strand DNA from a single RNA template.
Origin of WHV DNA replication. We have shown that a short sequence motif, less than 8 nucleotides in length and spanning positions 10 to 17, is required for initiation of DNA synthesis. We refer to this sequence as the signal for reverse transcription (SRT). Deletions extending into the SRT region obliterated the production of minus-strand DNA (e.g., p82NS3, Fig. 2A an independent origin of DNA replication. However, insertion of the synthetic SRT site in the 3' direction of the natural priming site at DR1* (pPC2C1, Fig. 3B ), led to severalfold reduced levels of initiation of minus-strand DNA synthesis at PCA compared with those of initiation at DR1*. This result suggests that additional nucleotide sequences exist on pregenomic RNA that affect the rate of minus-strand DNA synthesis. It is also conceivable that the structural organization of the core particle places the DR1* region on pregenomic RNA in an optimal position for an interaction with the primase-polymerase complex.
An important finding from these experiments is that the nucleotide sequences between DR1* and the poly(A) sequence on pregenomic RNA do not code for functions required for packaging of pregenomic RNA or for the synthesis of minus-and plus-strand DNAs (Fig. 2A) . Results obtained from DNA transfection experiments with construct p82PC2 and its derivative, pPC2A, suggest that the length of the 3' portion of pregenomic RNA is critical for DNA synthesis ( Fig. 2A and C) . The lack of DNA synthesis observed with p82PC2 could be due to the inability of pregenomic RNA exceeding a certain size to be packaged into core particles. Alternatively, it could be due to direct interference of these additional nucleotide sequences with initiation of minus-strand DNA synthesis.
Is protein the primer for reverse transcription? The presence of protein at the 5' end of minus-strand DNA suggests a mechanism in which protein is the primer for DNA synthesis. Although protein priming is an attractive possibility with precedents, the possibility cannot be excluded that priming actually occurs further toward the 3' end of pregenomic RNA, e.g., with the help of an RNA primer hydrogen bonded to pregenomic RNA or alternatively with the help of a 2' hydroxyl group of a nucleotidyl residue of the RNA template, as described for the priming of msDNA synthesis in bacteria (8, 12) . In this model, after the initiation of DNA synthesis protein is added to nascent minus-strand DNA by breaking a DNA internucleotide bond to form a covalent link between protein and minus-strand DNA. Such a mechanism has been proposed for the link between the A protein of bacteriophage 4X174 and phage DNA (9) and for the link between the VPg protein and RNA of poliovirus (27) .
In 
